Objective -To determine the effect of fluid resuscitation with 2 different physiological solutions, Ringer's lactate (RL) and hydroxyethyl starch (HES) 130/0.4, on histological lesions of the small intestinal mucosa in anesthetized pigs subjected to severe acute bleeding. Design -Prospective experimental study. Setting -University teaching hospital. Animals -Twenty-eight healthy Large White pigs, 3 months of age. Interventions -Pigs were subjected to severe acute bleeding (30 mL/kg) under total intravenous anesthesia with propofol and remifentanil. Pigs were randomly allocated to 3 groups: Group 1 (n = 11) received RL solution (25 mL/kg) after bleeding; Group 2 (n = 11) received HES 130/0.4 solution (20 mL/kg) after bleeding; and Group 3 (n = 6) volume replacement nor induced bleeding. Pigs were euthanized and the small intestine was harvested for histopathological analysis. Measurements and Main Results -The small intestine was histologically evaluated and the presence of the following lesions were characterized: edema, congestion, hyperemia, hemorrhage, inflammatory infiltration, cellular degeneration, necrosis, and epithelial detachment. Mucosal loss percentage (%ML) and crypt:interstitium ratio (C:I) were also assessed. In the duodenum, jejunum, and ileum, and the entire small intestine, the %ML was significantly higher in Group 1, than in Groups 2 and 3. Hyperemia in the small intestine was significantly higher in pigs resuscitated with HES 130/0.4 compared to pigs resuscitated with RL. Conclusions and Clinical Relevance -In a setting of controlled hemorrhage, resuscitation with HES 130/0.4 was associated with a lower percentage of mucosal loss on the small intestine, compared with resuscitation with RL solution. Our study also suggests that the duodenum may be more sensitive to hypovolemia induced by severe hemorrhage.
Introduction
The low molecular weight and low degree of molar substitution found in hydroxyethyl starch (HES) 130/0.4 is thought to confer several clinical advantages over other HES solutions. The use of HES 130/0.4 has been associated with fewer disturbances in coagulation, 1, 2 improved perfusion of the microcirculation, 3, 4 decreased systemic inflammation, 5 and improved intestinal healing following complex intestinal surgical procedures. 6 Nevertheless, 3 recent large randomized controlled trials [7] [8] [9] in people reported that the use of HES was associated with higher rates of acute kidney injury requiring dialysis, and to an increased 90-day mortality rate. 9 Based on these results, marketing authorizations for all HES products were suspended by the European Medicines Agency in 2013. Some of the criticism of these studies center on the use of HES solutions for long-term fluid administration, when the choice of a crystalloid solution would probably have been sufficient following initial hemodynamic stabilization. 10 Myburgh et al, 8 however, did not show clinical relevant differences in the outcome between patients that received HES 130/0.4 and patients that received saline.
Organ hypoperfusion during major surgical procedures is associated with increase postoperative complications. 11 Hiltebrand et al 12 reported that HES 130/0.4 markedly increases small intestine microcirculation after abdominal surgery, when compared to Ringer's lactate (RL), and suggests that perioperative goal-directed therapy with colloids might improve surgical outcome.
These studies highlight the need to be vigilant of the potential long term detrimental effects of HES, but that we also need to consider their potential beneficial effects in other clinical situations. It is also possible that the beneficial or harmful effects associated with HES administration may relate to whether HES is used in short term clinical situations (eg, intraoperative use) or long term intravenous administration. 10 In the present study, we hypothesize that the intravenous administration of HES 130/0.4 in the initial resuscitation phase of an experimental model of severe hemorrhage, followed by a short maintenance phase treated with RL under general anesthesia, may result in better preservation of intestinal wall and mucosal integrity, when compared to the resuscitation using RL alone. The objective of this study was to investigate the effect on small intestinal mucosa of HES 130/0.4 or RL solution administration during a short-term initial resuscitation phase after acute controlled bleeding in a pig model under general anesthesia, followed by a short maintenance phase with RL.
Materials and Methods
Ethical approval for this study was provided by the Ethical Committee of the national regulatory office, Direcção Geral de Veterinária, Portugal (approval number DGV000228). Pigs were randomly allocated into 3 groups according to the solution used for volume replacement: RL a in Group 1 (n = 11), and HES 130/0.4 solution b in Group 2 (n = 11). Pigs in Group 3 (n = 6) were subjected to the same instrumentation and anesthetic procedures as those in Groups 1 and 2, but did not undergo controlled hemorrhage. The inclusion of this control group was to account for the possible development of any intestinal lesions that may have resulted from the anesthetic procedure with propofol and remifentanil alone.
All pigs in all groups received an additional RL constant infusion rate of 6 + 1 mL/ kg/h for each kg above 20 kg of weight (as described in another study) 13 during the entire study period to compensate for the changes in plasma volume and undetected fluid loss.
Twelve randomly selected pigs of this study also took part in 2 other studies, 14, 15 where they received an intravenous 5 g/kg remifentanil bolus before the induction of bleeding. The material and methods related to the anesthetic procedures, monitoring procedures and data collection are described in detail in those studies. 14, 15 In brief, we summarize the methodology relevant to the current study. Twenty-eight healthy, 3-month-old Large White pigs, were premedicated with intramuscular azaperone c (4 mg/kg). Induction of anesthesia was performed with propofol d (4 mg/kg), followed by tracheal intubation and mechanical ventilation. A propofol constant infusion rate of 15 mg/kg per hour was initiated immediately after intubation, and remained unchanged during the entire study period. Simultaneously, a 0.3 g/kg/min remifentanil e constant infusion rate was initiated and maintained unchanged until monitoring procedures ceased, followed by a 0.2 g/kg/min constant infusion rate until the end of the study.
After reaching stable anesthesia, an arterial catheter f was inserted in the left femoral artery for monitoring continuous blood pressure, and a 16-Ga catheter g was inserted in the right femoral artery for passive bleeding. A surgical approach to the ventral cervical region was performed for inserting a 7-Fr Swan-Ganz optic catheter h in the cranial vena cava, via external jugular vein. A multiparametric hemodynamic monitor i was used to record body temperature, heart rate, invasive mean arterial pressure, and peripheral oxygen saturation. Data were recorded every 5 seconds and stored in a computer running the RugLoop II Waves software, via a RS-232 interface.
After completing all the necessary instrumentation procedures, pigs in Groups 1 and 2 were subjected to an acute severe hemorrhage, by passively removing 30 mL/kg of blood via the right femoral artery catheter over 20 min. Twenty minutes after the blood shedding ceased, volume replacement was initiated at 999 mL/h, using RL solution in Group 1, and HES 130/0.4 solution in Group 2. The volume of HES 130/0.4 administered was 20 mL/kg, and the volume of RL solution administered for blood replacement was 25 mL/kg. The 25 mL/kg RL solution dose used was the minimum dose necessary to obtain similar hemodynamic response to HES 130/0.4 administration during volume replacement following blood shedding, as determined during pretrial testing in pigs. These volumes were administered via the cranial vena cava. After the end of volume replacement, pigs in Groups 1 and 2 were maintained under general anesthesia for an additional hour and received an infusion of RL at maintenance rate. Pigs in Group 3 (n = 6) were similarly instrumented and anesthetized as those in Groups 1 and 2, but were not subjected to controlled hemorrhage.
For Groups 1 and 2, arterial blood samples were collected from the left femoral artery for blood gas analyses j before initiation of controlled bleeding, at the end of the waiting period (20 minutes after the end of controlled bleeding), at the end of the volume replacement period (time needed to infuse the total amount of calculated fluids), and at the end of the study. For Group 3, blood gas analyses were performed following instrumentation for monitoring procedures and prior to euthanasia. The time under general anesthesia for pigs in Group 3 was matched to the total time under general anesthesia for pigs in Groups 1 and 2.
For Groups 1 and 2, euthanasia was performed by intravenous administration of potassium chloride, (4 mmol/mL) in the cranial vena cava 1 hour following the end of volume replacement. For Group 3, euthanasia was performed following an equivalent time under general anesthesia. Euthanasia was immediately followed by necropsy and collection of small intestinal samples for routine histopathological analysis.
Histopathological analyses
At necropsy, samples were collected from the descending portion of the duodenum, middle jejunum, and ileum, 3 cm proximal to the ileo-cecal opening. The mesentery was removed from the samples and each segment was opened along its length, rinsed in a solution of 0.9% sodium chloride, and immediately fixed in 10% neutralbuffered formalin for a maximum of 48 h. The samples were then dehydrated through graded ethanol series, embedded in paraffin wax, and 3 m sections in the transverse orientation were stained with hematoxylin and eosin for histopathology. All histological evaluation was performed by light microscopy k by a blinded pathologist. Lesions were evaluated on the total tissue on the slide.
Mucosal loss percentage (%ML), and crypt:interstitium (C:I) ratio 16 were assessed by randomly selecting one crypt and one villus from one randomly selected microscopic field, in a total of 10 fields for each intestinal section, using a 10× objective. An ocular 1000 micrometric reticule division l was placed over each selected villus or crypt and an average of the measurements was performed for each intestinal section.
For obtaining the %ML, the height of 10 randomly selected intact villi (distance in micrometer between the muscularis mucosa and the lumen, at the level of the tip of the villi) and 10 randomly selected villi with morphologically visible mucosal loss (distance in m between the muscularis mucosa and the position where mucosa was lost) was measured, per intestinal segment and per animal. The average height for the intact villi and for the villi with mucosal injury was calculated, and the average height of intact villi was then subtracted from the average height of the damaged villi. This value was divided by the average height of the intact mucosa and multiplied by 100, to obtain the %ML.
The C:I ratio method 16 was used in this study to document the presence of possible changes within the interstitium of the intestinal wall, namely edema, inflammation, and hemorrhage. This method was used to quantify the relationship between the average crypt depth and the average width of the lamina propria, and provide information about a possible expansion of the lamina propria. All measurements were obtained using an ocular with 25-point grid.
m Semiquantitative parameters, namely congestion (ie, blood accumulation in dilated capillaries and venules), hyperemia (ie, dilatation of arterioles as a result of the increased blood influx into the tissues), hemorrhage, inflammatory infiltration, cellular degeneration, and necrosis, were evaluated and scored from 0 to 3, corresponding to absent, mild, moderate, and severe, respectively, according to criteria described by Ç etin et al. 17 The intestinal wall edema was also scored 0 to 3 (minimal to marked edema) according to the criteria defined in Table 1 in order to maximize the accuracy, objectivity, consistency, and comparability of the results obtained. Epithelial detachment was evaluated and scored from 0 to 5 (Table 2 ), according to criteria described by Chiu et al. Fluid therapy and intestinal mucosa injury in severe hemorrhage Loss of the surface of the villi with exposure of dilated capillaries 5
Disintegration of lamina propria with hemorrhagic ulceration
Statistical analyses
All data were assessed for normality and variance using the Kolmogorov-Smirnov test and Levene's test, respectively. The Kruskal-Wallis test was used to compare scores for edema, hyperemia, hemorrhage, congestion, inflammatory infiltrate, and cellular degeneration between groups. Dunn's post hoc test was used to compare Groups 1-3, for %ML and C:I ratio and the portion of intestine affected. Hemodynamic data and blood gases values were analyzed by repeated measurements analysis of variance (ANOVA), using Bonferroni corrections for pairwise comparisons. P < 0.05 was considered to be statistically significant. Analysis was performed using commercial statistical software. n,o Data are presented as means ± SD for scores in accordance with Tables 1 and  2 , or in % as appropriate.
Results
The body weight, duration of the different phases of study, heart rate, mean arterial blood pressure, body temperature, and peripheral oxygen saturation for all groups are listed in Table 3 . The mean arterial blood pressure during the study periods in Groups 1 and 2, and the peripheral oxygen saturation during the entire study for all 3 groups, are also graphically represented in Figures 1 and 2 , respectively. No significant differences were observed between groups in terms of demographics, hemodynamic variables, body temperature, or in the duration of the different phases of the study.
In the duodenum, the median percentage of mucosal loss was 2.73% in Group 1, 1.03% in Group 2, and 1.05% in Group 3. In the jejunum the median percentage of mucosal loss was 1.85% in Group 1, 0% in Group 2 and 0.41% in Group 3. In the ileum, the median percentage of mucosal loss was 1.19% in Group 1, 0% in Group 2 and 0.41% in Group 3. The percentage of mucosal loss in the duodenum was significantly higher in Group 1, compared with Groups 2 and 3 (P < 0.01). In the jejunum and ileum, the percentage of mucosal loss was significantly higher in Group 1 when compared with Group 2 (P < 0.05). For the entire small intestine, the median degree of %ML were 1.65% in Group 1, 0.00% in Group 2, and 0.48% in Group 3. Values were significantly higher in Group 1 than in Groups 2 and 3 (P < 0.0001) (Figure 3) .
In the duodenum, the median C:I ratio was 0.45 in Group 1, 0.53 in Group 2, and 0.39 in Group 3; in the jejunum this was 0.48 in Group 1, 0.44 in Group 2, and 0.45 in Group 3; and in the ileum, this was 0.51 in Group 1, 0.51 in Group 2, and 0.47 in group 3. For the entire small intestine, median C:I ratio was 0.48 in Group 1, 0.48 in Group 2, and 0.46 in Group 3. No significant differences were observed between groups (Table 4) .
Results of arterial blood gas analyses, hematocrit, and total protein data are listed in Table 5 . At the end of the study period hematocrit and total protein were lower in Groups 1 and 2, when compared to Group 3 (P < 0.001 and 0.02, respectively). No significant differences were observed in any of the other parameters.
When assessing the degree of congestion in the entire small intestine, it was significantly lower in Groups 1 (median grade 0, range 0-3) and 2 (median grade 0, range 0-2) than in Group 3 (median grade 1, range 0-2) (P < 0.05). Concerning hyperemia of the entire small intestine, it was significantly higher in Group 2 (median grade 0, range 0-2) than in Group 1 (median grade 0, range 0-1) (P < 0.05), but the same could not be confirmed when comparing these with the Group 3. No significant differences in hemorrhage were observed in the small intestinal segments or entire small intestine, between the 3 groups.
The degree of duodenal inflammatory infiltrate was significantly higher in Groups 1 (median grade 3, range 2-3) and 2 (median grade 3, range 2-3), compared with Group 3 (median grade 2, range 2-2) (P < 0.05). The No statistical significant differences were observed between groups.
Figure 1:
Mean arterial blood pressure during the study periods for Groups 1 and 2. No significant changes were observed between these groups at any period. degree of jejunal inflammatory infiltrate was significantly higher in Group 2 (median grade 3, range 2-3) compared with Group 3 (median grade 2, range 2-2) (P < 0.05). For the entire small intestine, inflammatory infiltrate was significantly higher in Group 2 (median grade 3, range 1-3) when compared with Group 3 (median grade 2, range 1-2) (P < 0.05). No significant differences in cell degeneration or necrosis were observed in the small intestinal segments or entire small intestine, between the 3 groups. The degree of edema was significantly higher in the duodenum in Group 1 (median grade 1, range 1-2), compared with Groups 2 (median range 1, range 0-1) and 3 (median grade 1, range 0-1) (P < 0.01). When considering the entire small intestine, degree of edema was significantly higher in Groups 1 (median grade 1, range 0-2) and 2 (median grade 1, range 0-3) when compared with Group 3 (median grade 1, range 0-2) (P < 0.05). No significant differences in epithelial detachment grading (illustrated in Figure 4) were observed in the small intestinal segments or whole small intestine, between the 3 groups. Grading data for each parameter are presented in Table 6 .
Discussion
The results of our study suggest that resuscitation of pigs subjected to severe controlled hemorrhage with HES 130/0.4 is associated with a decreased percentage of mucosal loss in the small intestine, when compared with RL administration. Our data also suggest that by administering HES 130/0.4 after severe acute bleeding under general anesthesia, the resultant intestinal lesions are no different from those that result from the anesthetic procedure itself. The inclusion of a positive control group in our study, where blood would have been shed but not followed by volume replacement would have provided us important information on the extent of the tissue damage as a consequence of hypoperfusion alone, and this would have also allowed better evaluation of the efficacy of the RL or HES 130/0.4 in minimizing the development of those lesions.
Other studies have demonstrated that severe bleeding leads to multiorgan lesions as a consequence of tissue hypoperfusion. A morphological study in rats showed that severe intestinal lesions occurred 60 minutes after untreated hemorrhagic shock. The ileum, duodenum, and jejunum were most severely affected, with lifting of epithelial layer from lamina propria as the most frequently observed lesion. In more severe cases, denuded mucosa with disintegration of intestinal lamina propria was observed. 19 Similar lesions may have been observed in our study if we had a positive control group, where controlled bleeding would have proceeded but not followed by any volume replacement. Additionally, propofol infusions have been associated with a marked decrease in splanchnic and renal perfusion, 20 which may be relevant when evaluating the histological effects of intestinal hypoperfusion after >4 hours of anesthesia with propofol, as carried out in our study. Thus, the purpose of the control group used in our study was to evaluate the influence of the time of the anesthesia with propofol, and subsequent intestinal lesions associated with the expected reduced splanchnic hypoperfusion associated with propofol administration.
Organ hypoperfusion generally occurs as a result of fluid loss or vasodilatation, and very often leads jejunum and in the entire small intestine in Group 2, when compared to the negative control (Group 3), also indicates improved intestinal microcirculation following HES 130/0.4 administration. 12 Edema scores was significantly higher in the duodenum in Group 1 when compared with Group 2 and control group (Group 3). However, for the whole small intestine, mean scores were significantly higher in both Groups 1 and 2 when compared with the control group, and there were no significant differences between Groups 1 and 2. The findings may be related to the significant decrease in the total proteins concentrations in these groups following the volume replacement, when compared to the control group that did not undergo severe blood loss (Table 6 ). It is also important to note that although statistical significance was obtained using the Kruskal-Wallis test, the median edema score was the same for all groups.
Hyperemia scores were higher in the pigs from Group 2 when compared to those in Group 1, but no differences were observed in these two groups when compared to the control group. Tait et al 28 similarly reported a compensatory hyperemia following 6% hetastarch resuscitation that increased myocardial blood flow and maintained oxygen transport in a canine, severe hemorrhage, and resuscitation model that was not observed following RL resuscitation. By increasing the intestinal microcirculation, HES 130/0.4 may have caused a more pronounced hyperemia in Group 2 when compared to Group 1 in our study.
Degree of congestion in the whole small intestine was lower in Groups 1 and 2 when compared with the control group. This result is not surprising, as animals in Groups 1 and 2 suffered severe hemorrhage, while animals in the control group did not. Furthermore, propofol is known to cause vasodilatation, affecting both venous and arterial vessels, with effects on systemic circulation, probably due to smooth muscle relaxation. [29] [30] [31] This propofol vasoactive effect may explain the intestinal congestion observed in the animals in the control group.
The existence of a possible relationship between the intestinal histological changes observed in our study and intestinal function/dysfunction was not assessed in the present study. It is, however, known that following ischemia and reperfusion, there is impairment of the intestinal barrier function, facilitating bacterial translocation into the circulation, which may lead to systemic inflammation. 11, [21] [22] [23] The intestinal tissue injury is also aggravated by the reperfusion of the already damaged tissue, which also increases both local and systemic inflammation, and may lead to multiple organ failure. 32 It is worth mentioning that mucosal injury associated with increase of the subepithelial space followed by mucosal loss was observed in our study without partial or complete obstruction of the blood supply to intestinal segments, which is suggestive that even a smaller degree of hypoperfusion may cause morphologically significant mucosal injury. In addition, in the animals in our study, the intestinal mucosa did not fully recover after 60 minutes following volume replacement. This suggests that there may be a degree of barrier function compromise following hypoperfusion due to severe hemorrhage followed by volume replacement. However further studies would be needed in order to evaluate intestinal function in this clinical situation.
Pigs in Group 2 received a 20 mL/kg HES 130/0.4 bolus administered during 35 minutes, in a controlled manner following severe bleeding. This bolus dose may be considered clinically high, and should be interpreted carefully when extrapolating to general clinical veterinary practice. According to the manufacturer's recommendations for veterinary use, the dose and infusion rate of HES 130/0.4 is 20 mL/kg of body weight per day for small animals. Nevertheless, previous studies reported the use of 30 mL/kg of HES 130/0.4 in dogs 33 in similar acute hemorrhagic situations and of 20 mL/kg in pigs 34 over a very short period of time. In human clinical situations, it is also reported the intraoperative infusion of HES 130/0.4 in the proportion of 1:1 to the amount of blood loss, with a maximum infusion volume of 50 mL/kg. 3 This 1:1 proportion is also reported in the study of Barros et al in dogs after acute bleeding. 33 Thus, and although the 20 mL/kg HES 130/0.4 dose used to counter a 30 mL/kg acute blood loss in our study may seem clinically high, it is important to note that this dose was used to counter effectively a 30 mL/kg acute blood loss. Figure 1 also shows that the mean arterial blood pressure recovery in the volume reposition period was not different between Groups 1 and 2, indicating that there was no vascular overload when HES 130/0.4 was administered to pigs in Group 2.
The total time under general anesthesia (from induction of anesthesia until euthanasia) for all pigs in Groups 1 and 2 in our study comprised the instrumentation for monitoring procedures, the bleeding period, the 20 minutes waiting period, the volume replacement period, and the 60 minutes period with RL infusion before euthanasia. The duration of the instrumentation period was the most variable time because it was dependent on placing the catheters, placing the electrodes, and calibrating the monitors. Some of these procedures had to be repeated in some pigs due to difficulties in introducing the catheters or in calibrating the monitors, which significantly increased the duration of the instrumentation period in these pigs, contributing for the large standard deviation observed in the total amount of time under general anesthesia in Groups 1 and 2 (Table 3) . On the other hand, pigs in Group 3 were anesthetized a total estimated time C Veterinary Emergency and Critical Care Society 2016, doi: 10.1111/vec.12560 based in the duration of the study periods mentioned for pigs in Groups 1 and 2. In Group 3, our objective was to assure that these pigs would be under general anesthesia during similar time as pigs in Groups 1 and 2, to exclude the influence of the time of the anesthesia with propofol, and eventual intestinal lesions associated with splanchnic hypoperfusion due to the anesthetic procedure. Thus, independently from the duration of the instrumentation period, these pigs were euthanized after approximately the same time under general anesthesia, contributing for the large standard deviation observed in the time between the end of monitoring procedure and euthanasia in pigs in Group 3 ( Table 3) .
The use of a single blinded pathologist in our study may be considered a limitation, because of the increased risk of bias. Although the use of two independent blinded pathologists could have given an additional contribution to the histological analyses in our study, the use of one pathologist has also been reported in several studies 35, 36 without compromising the veracity of the results. The results of the present study suggest that HES 130/0.4 can minimize the percentage of mucosal loss on the small intestine after severe hemorrhage followed by volume replacement, in a controlled hemorrhagic model, when comparing with RL solution. It is possible that the administration of HES 130/0.4, improves arterial blood flow to the intestinal mucosa (as suggested by the initial hyperemia), leading to the preservation of the integrity of the intestinal mucosa. Data in our study also suggest that the duodenum may be the segment of the small intestine most sensitive to hypovolemia caused by severe bleeding. Nevertheless, it is important to take into consideration that the results in our study were obtained from 3-month-old pigs, which can be considered juvenile individuals, and thus, these data should be carefully extrapolated for adult individuals.
Future studies that better characterize the response of the small intestine mucosa to hypoperfusion followed by volume replacement with both RL and HES 130/0.4, (eg, assessing the apoptotic rate), as well as correlating the morphological changes with an eventual impairment of the small intestine function (eg, barrier function and absorption), are warranted.
